We report the discovery of a novel giant magnetoresistance (GMR) phenomenon in a family of BaMn 2 Pn 2 antiferromagnets (Pn stands for P, As, Sb, and Bi) with a parity-time symmetry.
I. INTRODUCTION
A magnetization (M) generally responds to a magnetic field (H), while an electric polarization (P) to an electric field (E). However, there exist cross-coupling phenomena called magnetoelectric (ME) effects in which a magnetic (electric) field can induce an electric polarization (magnetization) 1, 2 . Although initially realized only among ferroic materials, the concept of ME couplings is in fact extendable to include antiferroic materials 3, 4 . For instance, in the so-called Edelstein effect, a bulk antiferromagnet with broken time reversal (TR) and space inversion (SI) symmetries is liable to display a spin-polarized current under an external E 3-5 . The key importance of broken SI and TR symmetries has been highlighted in theory 6, 7 . A switching of antiferromagnetic (AFM) domains via an electrical current has been experimentally demonstrated in the symmetry-broken itinerant CuMnAs 8, 9 . The physical properties emerging from symmetry-broken itinerant AFM materials have presently become of significant importance.
In this paper we focus on the family of the symmetry-broken BaMn 2 Pn 2 antiferromagnets (hereafter labeled as BMPn, Pn stands for pnictide elements of P, As, Sb, Bi). BMPn's are isostructural with BaFe 2 As 2 , which is a well-known parent compound for the high-T C Fe- This paper reports our discovery of a new giant magnetoresistance (GMR) phenomenon in the family of small gap semiconducting antiferromagnets BMPn's. The origin of this novel GMR effect, which is universal for the whole BMPn family, can be traced back to the ME effects in these nearly itinerant materials. is generally predictable in the framework of the semiclassical transport theory 26 . This is in a sharp contrast to the unconventional bell-shape MR observed in BaMn 2 As 2 (BMAs). The dotted line is a guide to the eye. using any available theoretical models so far proposed.
C.
Tuning of the giant magnetoresistive effect via Pnictogen elements 
D. The angular-dependence of the giant magnetoresistive effect
The H-dependencies of longitudinal MR described above clearly show that BMBi is the key member of the BMPn family on which more elaborated experiments should be made.
We therefore proceeded to measure the angular dependence of MR and ρ(T ) on BMBi single crystals for different static H's. When H was rotated in the crystal ac plane, the MR(θ )
curves exhibited an unusual clamp-shell shape in the polar plot [ Fig. 3(b) ]. When H was rotated away from the ab plane (i.e., when θ increased), the isothermal MR curves were elongated towards the high H region and eventually became negligibly small when H was perpendicular to the ab plane.
Measuring the in-plane anisotropy of MR by rotating H in the ab plane by the angle φ yields the polar plot of MR(φ), which is a nearly perfect circle [ GMR's in BMAs, BMSb, and BMBi measured at T = 4.2 K under a longitudinal geometry where both H and j were aligned along theâ-axis (see the inset), showing a universal positive-negativesaturated shape and with a clear Pn-dependence. In each curve, the data collected using a 18 T superconducting magnet (lighter color marked with star) were matched with those measured using a 55 T-pulse magnet (darker color marked with a circle). The dashed line is a guide to the eye.
indicate an angular dependence being almost identical to what can be seen in the θ -resolved experiments, thus corroborating the conclusion on the symmetry of MR. The BMPn materials exhibit distinct magnetotransport properties in each T -region as schematically summarized in Fig. 4(a) -(c) for BMBi as an archetypal member of the BMPn family. In the HT regime, we observed almost T independent small negative MR's, which reaches the value of −10 % for in-plane H ab as strong as 9 T [Fig. 4(c) ]. The magnitude of the negative MR becomes substantially larger with decreasing T . This is clear for various H ab 's, where negative MR become quite pronounced in the MT regime as shown in Fig. 4(b) .
Compared to the HT regime, MR is now an order of magnitude larger. Finally, the MR exhibited a complex bell-shape H ab -dependence decorated with competing positive and negative components in the LT regime [ Fig. 4(a) ]. For example, at T = 5 K the positive MR dominates at lower H ab 's, resulting in a maximum of +30 % in magnitude at µ 0 H ab ≈ 2 T.
For higher H ab 's, a large and monotonic decrease to the negative side was observed. The MR gradually saturates at µ 0 H ab ≈ 6 T, and eventually ρ is reduced by 60 times at µ 0 H ab of 18 T, pushing the material back into a metallic state [ Fig. 4(d) ]. The positive maximum in MR in the LT regime declines with elevating T 's and virtually disappears as the negative component of MR prevails in the MT regime. On the other hand, the negative part of MR under high H ab sustains until very high T 's with holding its intensity to be constant. In the whole T -range, the anisotropy of the MR effects is unchanged, i.e., MR's show maximum for H ab and are almost isotropic when H is rotated inside the ab plane. On the other hand, H parallel to theĉ axis minimizes the MR effects.
F. MR and transverse Hall effects in low-temperature regime
The emergence of the large positive longitudinal MR component below T * is indeed puzzling. This becomes even more enigmatic given the experimental fact that other measurements, such as magnetic susceptibility and specific heat, could not detect any anomaly in this temperature range 14, 33 . No anomalies in the T -dependence of specific heat suggest that if there is a thermodynamic transition, then its order should be higher than 2.
Interestingly, our measurements of the transverse Hall effects indicate an emergence of electron-like carriers for T < ∼ T * . As shown in Fig. 5 The unusual angular dependence of the GMR defies any explanation using available MR models 26, 34, [38] [39] [40] [41] . For instance, when a MR originates from the Lorentz force, the magnitude of the MR is given by the angle between the direction of the charge velocity and the applied H. The former is defined by both the symmetry of band structure and the applied E. Therefore, the angles that H makes with j and the specific crystallographic geometry are more or less equally important in shaping the anisotropy of MR 26 . This is clearly inconsistent with the observed small in-plane angular dependence of MR(φ) in BMB [ Fig. 3(d) ]. Alternative scenario would be a strong Zeeman-induced Lifshitz transition, i.e., a d -p valence band may get spin-split beyond the small semiconducting gap thus explaining the emergence of electron-like charges and the negative MR as a function of H. Giving the fact that the insulating gap in BMPn's, however being small, is highly anisotropic 12 , this scenario also seems to be unlikely in the case of BMPn's.
The key to the understanding the GMR in BMPn's thus lays in the unique directional 13 dependence on H. Namely, MR is predominantly sensitive to the angle between H and the crystallographicĉ axis, which is also the easy axis of the G-AFM ordering in BMPn. Since
BMPn's have very high T N temperatures, all significantly exceeding room temperature, the strongest H of 50 T available to our experiments can still be considered as a small perturbation that is unable to induce large changes in the G-AFM order. An estimate using a mean-field theory shows that in the case of BMBi, the exchange field H exch is around 250 T, which is more than one order of magnitude larger than H = 18 T at which the negative MR is already saturated [Figs. 2(b) and 4(d) ]. Due to a very large magnetic anisotropy energy 20 , the effect of H ⊥ĉ is merely to cant the Mn 2+ AFM moments by a tiny angle from the easy axis as schematically shown in Fig. 4(e) . This is supported by the measurements of magnetic Another plausible mechanism that can be proposed involves an H ab enhancement of the carrier mobility by suppression of the spin-mixing transport. The PT symmetry renders an almost perfect balanced DOS of majority spin and minority spin states for the low energy hole-like excitations [ Fig. 1(c) ]. With the local magnetization alternatively pointing to oppositeĉ and −ĉ directions, the special DOS maximizes the mixing between the two spin states in the course of electronic transport either intra-or inter-sublattice 43 . Now, under H ab = 0 the partially polarization of the AF sublattices (parallel to H ab ) causes a disproportion in the DOS of two spin states. Specifically, the states that are spin-down with respect to the direction of the in-plane magnetization can be expected to have large DOS which is shifted up in energy, therefore become more favorable for charge carriers to remain in during the transport. Hence the spin-mixing transport, probable to be the direct cause of the low temperature high resistive state, can be conveniently reduced or even turned off by H ab and a negative GMR is resulted. In this scenario, the magnetotransport property of BMPn's shares the same basic mechanism with the GMR found in artificial AF sublattices 44, 45 . It has been recently shown that by polarizing the AFM spins in a simple
Hubbard chain, the GMR will appear in a fashion similar to the context being discussed here 46 . We note that here only qualitative proposals for the mechanism of the GMR in BMPn's have been made and a precise description is beyond the scope of this paper.
IV. SUMMARY
We reported the observation of a new type of GMR discovered in the family of the layered BMPn materials. The magnitude of the GMR is as large as −98 % and its intriguing angular anisotropy under H that has not been encountered so far in any other material. This GMR has its origin from the interesting tunability of the highly anisotropic spin-dependent d-p hybridization and spin dependent scatterings. Most remarkably, via the spin-charge coupling the dynamics of charge carriers was able to be greatly altered when the AFM magnetization M is tilted with H even for a very small angle. The novel MR mechanism described here is interesting by recalling the recent reports of the dynamical ME effect, in which electrical switching of magnetic ordering was experimentally demonstrated in itinerant AFM 8, 9 . However, its inverse phenomenon, as to how an electrical conduction quantity is modified when the ground state of materials is magnetically perturbed, has not yet been elucidated experimentally and theoretically. The described novel GMR may shed light on the inverse ME effect of AFM materials with two magnetic sublattices preserving the PT symmetry in the itinerant regime.
METHODS
We synthesized single crystals of four compounds in the BMPn family via flux method.
For BMSb and BMBi, Sb and Bi metallic fluxes were used, respectively 33 . BMAs single crystals were growth from a conventional MnAs self-flux. BMP crystals were growth from Ba x P y flux 47 . The single crystals of all three compounds exhibit shiny mirror ab plane with clear facets. It is important to note that whereas BMA is stable, BMBi and BMSb are sensitive to air; the colors of those crystals gradually change after around several hours exposing.
In the measurements of in-plane electrical transport properties, the crystals were cleaved to expose fresh (001) surfaces and cut into rectangular shapes. Four electrodes were made on the ab plane and along the [100] direction by silver paste for resistivity measurements.
Two additional Hall electrodes were made on the two opposite sides of the samples. The two current electrodes at the two opposite ends of the sample were made so that the silver paste covered all the edge sides to ensure a good current flow 26 . All the sample preparation typically took less than two hours.
Directional magnetotransport measurements were carried out under magnetic field strength (H) smaller than 9 T using a Quantum Design PPMS equipped with a rotator The notations H ab , H a , and H c denote the magnitude of a H (or the component of H) that is parallel to the ab plane,â-, andĉ-axis, respectively. In the transverse Hall measurements, H was always aligned along theĉ axis, and ρ yx was measured as a function of the Hall field strength H c .
